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ABSTRACT 
 
Biodiesel is a renewable and decomposable fuel which is derived from edible and non-
edible oils. It has different properties compared to conventional diesel but can be used 
directly in diesel engines. Different fuel properties characterise different combustion-
phasing parameters such as cyclic variations of Indicated Mean Effective Pressure 
(IMEP) and maximum pressure (Pmax). In this study, cyclic variations of combustion 
parameters such as IMEP and Pmax were investigated using a multi-cylinder diesel 
engine operating with conventional diesel and palm biodiesel. The experiments were 
conducted using different engine loads; 20, 40, and 60% at a constant engine speed of 
2500 rpm. The coefficient of variation (COV) and standard deviation of parameters were 
used to evaluate the cyclic variations of the combustion phasing parameters for the test 
fuels at specific engine test conditions. It was observed that palm biodiesel has lower 
COV IMEP compared to conventional diesel but is higher in COV Pmax at higher engine 
loads respectively. In addition, palm biodiesel tends to have a higher recurrence for the 
frequency distribution for maximum pressure. It can be concluded from the study that the 
fuel properties of palm biodiesel have influenced most of the combustion parameters.   
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INTRODUCTION 
 
Biodiesel is an alternative fuel derived from edible and non-edible oils through the 
transesterification process. Biodiesel can be used directly for the diesel engines with little 
or no modification aydin [1-6]. Some researchers investigated the effect of diluted 
biodiesel with conventional diesel in different proportions to reduce the density and 
viscosity when running with diesel engines [7-17]. At present, many studies are focussing 
on the performance and emission of biofuels under internal combustion engine 
conditions, production process of biofuels and effect of biofuels blends with conventional 
fuels. However, the fundamental combustion properties and chemical kinetic descriptions 
of biofuels are still under investigation. The composition of biodiesel is typically a 
combination of long chain fatty acid methyl esters (FAME) derived from vegetable oils 
or animal fats through the transesterification process. The transesterified fuels contain 
physical properties comparable to those of petroleum-based diesel fuels and are suitable 
to be used neat or in blends for diesel engines [18-20]. Among the main feedstocks for 
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biodiesel production and testing are oilseeds including jathropa [21], palm oil [21], 
rapeseed [22], soybean [23] and animal fats [24].  
Palm biodiesel has lucrative potentials and advantages to offer as it has similar 
characteristics with diesel fuels and is environmental-friendly [2, 25-28]. However, fuel 
physical factors that have been identified are higher viscosity, lower heating value, low 
volatility, poor atomization and higher oxygen content beside polyunsaturated 
characteristics [29, 30]. The major problem of methyl or ethyl esters is its higher viscosity 
compared to fossilized fuel that requires more time to ignite. Different fuel properties and 
injection delay provide stimulating studies for the combustion cycle-to-cycle variations 
of diesel engines [31, 32] . Several cycle-to-cycle pressure variation studies on different 
fuels; diesel, biodiesel, and gasoline operating with diesel engines were conducted to 
determine the definite combustion characteristics [33]. These arguments are based on the 
different types of fuel that reflected most of the assorted combustion characteristics to the 
similar diesel engine at the same operating condition. In addition, several identified 
parameters contribute to the cylinder pressure variations including the various total 
amount of air and fuel charge to the cylinder in each cycle, mixture motion variations 
within the cylinder and air charge content variations. In this study, palm biodiesel and 
conventional diesel as the reference fuels were tested in a diesel engine with a constant 
speed of 2500 rpm at different engine loads; 20, 40, and 60%. Combustion results were 
recorded for 200 consecutive cycles. The aim of this experimental study is to determine 
the coefficient of variation, frequency distributions for indicated mean effective pressure 
and frequency distributions for maximum pressure for the test fuels.  
 
EXPERIMENTAL SET UP 
 
The primary of the engine research facility is a Mitsubishi 4D68 multi-cylinder, four-
stroke water-cooled diesel engine (Figure 1). This engine is naturally aspirated with its 
injection pressure is more or less set to 206 bars. Maximum power for the engine is 64.9 
kW at the rated speed of 4500 rpm. More engine details are listed in Table 1. The engine 
was coupled with a 150 kW eddy-current type water-cooled Dynalec dynamometer model 
ECB-200F SR 617 for the loading purposes.  
 
Table 1. Specification for a diesel engine. 
 
Description Specification 
Number of cylinders 4 in-line 
Combustion chamber Swirl chamber 
Total displacement cm 1.998 cc (121.925 cu in) 
Cylinder bore mm x Piston stroke mm 82.7 x 93 
Bore/stroke ratio 0.89 
Compression ratio 22.4:1 
 
The first of four engine cylinders was mounted with a Kistler 6041A water-cooled 
Thermo Comp in-cylinder pressure transducer. A Kistler CAM crank angle encoder 
model 2613B1 was used to determine the crankshaft position within the combustion 
period and the piston continuous movements from the top dead centre (TDC) to the 
bottom dead centre (BDC). The temperatures for the engine monitoring including the 
intake manifold, exhaust extractors, ambient temperatures were obtained by 
thermocouples J-type and K-type. A DAQ card was used in the testing facilities which 
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are Orion 1624 E-card installed on a DEWE-800 lab instrument with 16 slots for 
DAQ/PAD modules and 2 PCI slots. This card provides 16 simultaneous sampled 
differential channels at 200 kS/s each and 24-bit resolution. While Spectrum MI.3111 
DAQ card with 12-bit resolutions simply provide a channel for Kistler crank angle 
encoder. Data acquired during the experiment was retrieved using software DEWESoft 
and DEWECa provided by DEWETRON.  
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Figure 1. Test engine. 
 
Figure 2 shows the schematic diagram engine experimental set up. A DEWECa 
combustion system was used for in-cylinder pressure measurement and recorded up to 
1000 consecutive combustion cycles. Furthermore, the obtained combustion data at each 
operating test condition with different fuels were computed to determine the maximum 
cylinder pressure and indicate mean effective pressure (IMEP). Using these two 
parameters, the coefficient of variation (COV) and frequency distributions at crank angle 
degree (CAD) are computed for analysing the cycle-to-cycle variation with the operating 
test fuels. The statistical computation was performed using Origin 8 software from 
OriginLab. In this study, the frequency distribution is calculated to arrange the values 
from the set of variables in the sample. As an example, the frequency distributions of 
maximum cylinder pressure (Pmax) and crank angle degree (CAD) are computed from 
the sample size which is 200 engine cycles. This represents the count of the repetitiveness 
of values within a specific size or particular group. While as for IMEP calculation, the 
pressure indication at each cylinder is the most accurate method of calculating IMEP. 
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IMEP can be defined as a function of the indicated work output per unit swept volume. It 
is calculated as follows: 
 
𝐼𝑀𝐸𝑃 =
∑ ∮
𝑝.𝑑𝑉
𝑉1
#𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠
𝑖=1
#𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠
                                        (1) 
 
where p indicates the in-cylinder pressure, V1 is one cylinder displacement and # cylinders 
are number of cylinders.  
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Figure 2. Schematic diagram engine experimental set up. 
 
The coefficient of variation can be defined as computed relative standard 
deviation (RSD) that represents the ratio of the standard deviation to the mean, which is 
a standardized measure of dispersion for the mean of a frequency distribution or the 
variation of the data series. The formula is expressed as follows:  
 
𝑃𝑚𝑎𝑥̅̅ ̅̅ ̅̅ =
1
𝑛
∑ 𝑃𝑚𝑎𝑥,𝑖
𝑛
𝑖=1                                        (2) 
 𝜎𝑃𝑚𝑎𝑥 = √
∑ (𝑃𝑚𝑎𝑥̅̅ ̅̅ ̅̅ ̅̅ −𝑃𝑚𝑎𝑥)2
𝑛
𝑖=1
𝑛−1
                                      (3) 
𝐶𝑂𝑉𝑃𝑚𝑎𝑥 =
𝜎𝑃𝑚𝑎𝑥
𝑃𝑚𝑎𝑥̅̅ ̅̅ ̅̅ ̅̅
                                           (4) 
 
Besides applying Eq. (1-3) on Pmax calculation, these three equations are similarly 
applied to the IMEP statistical computation. 
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Fuel Preparation and Analysis 
There were two types of fuel in this study which includes palm biodiesel (B100) and 
conventional diesel as a reference fuel as presented in Figure 3. Conventional diesel was 
purchased from the domestic petrol station while palm biodiesel was procured from the 
biodiesel producer. Figure 4 illustrates different analytical apparatus to measure the fuel 
properties for the test fuels. All the test methods are conformed to the strict ASTM 
procedures as recommended by manufacturers. Those tests were conducted at controlled 
room temperature, pressure and relative humidity to ensure that the result is not 
influenced by environmental errors. 
 
 
 
 
Figure 3. Conventional diesel and palm biodiesel samples. 
 
Table 2 presents the results of palm biodiesel and conventional diesel fuel 
properties testing through experiments. The testing was repeated five times and carefully 
recorded by the digital apparatus. It can be seen from the table that the fuel properties are 
greatly influenced by the concentration of biodiesel when compared to conventional 
diesel. It is obviously configured that palm biodiesel has different characteristics when 
being compared to conventional diesel.  
 
Table 2. Fuel properties for conventional diesel and palm biodiesel [34]. 
 
Properties Conventional diesel Palm biodiesel 
Heat value (MJ kg-1) 45.28 41.3 
Cloud point (°C) 18 14 
Density @ 15°C (kg/m3) 853.8 867 
Flash point (°C) 93 165 
Pour point (°C) 12 15 
Cetane Number  54.6 67 
Kinematic Viscosity at 40 C (mm2/s) 2.6 4.53 
Sulfur content (mg/kg) 12 6 
Carbon residue content (wt.%) <0.01 <0.01 
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Figure 4. Analytical instruments used to measure fuel properties; (a) Viscosity bath,  
(b) Density meter, (c) Pensky-Martens Closed Tester, (d) Acid value & acidity tester. 
 
RESULTS AND DISCUSSION 
 
The in-cylinder pressure measurement recording for the test fuels was determined for the 
200 cycles with a sampling rate that corresponds to 1oCA. The indicated cylinder pressure 
has been averaged by taking a number of 200 combustion cycles. Figure 5 presents the 
coefficient of variations for maximum cylinder pressure, indicated mean effective 
pressure and frequency distributions of 5% mass fraction burned, 10% MFB,50% MFB 
and 90% MFB of two fuels; palm biodiesel and conventional diesel at three different 
engine loads with a constant engine speed of 2500 rpm. It can be noticed from these 
figures that the COV IMEP is satisfying the diesel engine condition under various 
operating conditions. It is observed in Figure 5(a) and 5(b) that COVs for Pmax are 
relatively small (<%) for both test fuels and COV for frequency distributions of 5% MFB, 
10% MFB, 50% MFB and 90% MFB are also small for conventional diesel and palm 
biodiesel. These results are parallel with previous studies on engine cycle-to-cycle 
variation related to biodiesel fuel properties [35, 36]. A drawback of the conventional 
diesel engine is when the COV IMEP exceeds 10%, drivability problems in vehicles could 
arise. Since it could affect the engine drivability, the need to study the engine cyclic 
variations is compulsory especially when involving the combustion phasing parameters. 
It is found in the figure that the test engine operating with conventional diesel has higher 
COV IMEP as compared to the engine operating with palm biodiesel.  
 
 
(a) (b) 
 
 
(c) (d) 
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Figure 5. Coefficient of Variation (COV) of IMEP, Pmax and MFB for (a) conventional 
diesel and (b) palm biodiesel corresponding to the engine loads. 
 
  Frequency distributions of maximum cylinder pressure for diesel and palm 
biodiesel were illustrated in Figure 6. It is apparent that the frequency distributions of 
Pmax are taken from the data of 200 consecutive cycles with the engine operating at 
specific engine loads; 20, 40 and 60%. It can be noticed from these figures that there is 
an increase in the maximum cylinder pressure corresponding to the increase in engine 
loads for the test fuels. This condition is parallel with the previous cycle-to-cycle variation 
studies conducted by other researchers on biodiesel testing [36-38]. It can be noticed from 
the figure that the frequency distribution values for palm biodiesel is higher as compared 
with conventional diesel for engine loads of 20, 40 and 60% at a constant engine speed 
of 2500 rpm. Adjacent scatters for Pmax are found at 20 and 40% engine loads for both 
test fuels. However, extensive frequency distributions occur at 60% engine load for both 
test fuels. It is found that the dispersion frequency distributions for maximum cylinder 
pressure at higher load may be attributed to the inconsistency intake charge during fuel 
combustion [39]. 
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                                   (a)                                                                     (b) 
 
Figure 6. Frequency distributions for (a) conventional diesel and (b) palm biodiesel 
corresponding to maximum cylinder pressure, Pmax. 
   
 
                                         (a)                                                                (b) 
 
Figure 7. Frequency distributions of maximum cylinder pressure, Pmax for (a) 
conventional diesel and (b) palm biodiesel corresponding to crank angle degree, CAD. 
  
  Figure 7 shows the frequency distributions of the maximum cylinder pressure 
corresponding to the crank angle degree for conventional diesel and palm biodiesel for 
200 cycles. It is observed from these figures that the Pmax frequency distributions at 
crank angle degree for conventional diesel has more concentration which is between 14 
CAD and 22 CAD compared to palm biodiesel (13 CAD to 28 CAD). The values are 
more contrasting when the engine was operated at 60% engine load with a constant engine 
speed of 2500 rpm. It can be seen that the conventional diesel showed more concentration 
on the frequency distributions of Pmax corresponding to CAD. This combustion phasing 
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parameter indicates that the diesel engine is more stable when operating with 
conventional diesel compared to palm biodiesel, especially at high engine load. Figure 8 
presents the cyclic variations of IMEP for conventional diesel and palm biodiesel at 200 
consecutive cycles with the engine operating at 2500 rpm under various load conditions. 
It is apparent from these figures that the test fuels directly affected the IMEP ratings with 
IMEP for palm biodiesel are consistently higher compared to the conventional diesel at 
various engine loads.  
 
 
                                         (a)                                                                (b) 
 
Figure 8. IMEP cyclic variations for (a) conventional diesel and (b) palm biodiesel. 
 
 
                                         (a)                                                                (b) 
 
Figure 9 Frequency distributions of IMEP for (a) conventional diesel and (b) palm 
biodiesel. 
 
  This expected condition is mostly related to the maximum cylinder pressure of the 
test fuels. It can be noticed from these figures that the cyclic variations of IMEP for palm 
biodiesel is lower compared to the conventional diesel with a minimum IMEP value of 
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9.3 bars while the maximum IMEP value is 9.7 bars at engine load of 20%. While for 
conventional diesel, the maximum and minimum values for IMEP are 9.8 bars and 9.3 
bars respectively. However, cyclic variations of IMEP for palm biodiesel increase rapidly 
compared to the conventional diesel at engine loads of 40 and 60%. Maximum IMEP 
values for palm biodiesel at 40 and 60% engine loads are 14 and 18 bars which are 2.1 
and 5.3% higher compared to conventional diesel (13.7 and 17.1 bars). While for 
minimum IMEP values at 40 and 60% engine loads, conventional diesel produced 4.6 and 
5.4% lower (12.8 and 16.1 bars) compared with palm biodiesel (13.4 and 17 bars). The 
frequency distributions of IMEP for diesel and palm biodiesel corresponding to 200 
consecutive cycles are shown in Figure 9. It can be noticed from these figures that the 
IMEP variations for both test fuels increased from 20, 40 and 60% engine loads 
corresponding to 200 consecutive cycles. It is observed that the IMEP ranges for 
conventional diesel at 20 and 40% engine load are similar to palm biodiesel. However, at 
60% engine load, the frequency distributions of IMEP for conventional diesel are more 
tabularized compared to palm biodiesel. It can be described from these figures that higher 
IMEP concentration occurs for conventional diesel compared to palm biodiesel along 200 
consecutive cycles at 20% engine load. While for 40% engine load, palm biodiesel has 
higher IMEP concentration in contrast to the conventional diesel.  
 
CONCLUSIONS 
 
This paper experimentally investigated the cyclic variation of the combustion parameters; 
indicated mean effective pressure  and maximum cylinder pressure of palm biodiesel and 
conventional diesel as a baseline fuel, operating under specific engine loads (20, 40 and 
60%) at a constant engine speed (2500 rpm) with 200 cycles. The overall results show 
that palm biodiesel statistically tends to achieve higher Pmax but lower IMEP when 
compared to conventional diesel at higher engine loads. It was found that the frequency 
distributions for Pmax and conventional diesel are scattered at higher engine load. This 
study is related to the engine cyclic variations, which is identified as a fundamental and 
complex engine problem that contributes to the limitation of lean mixtures, a decrease in 
engine power, poor driveability and may increase the engine noise and vibration. 
Furthermore, additional different fuels with dissimilar fuel properties used in diesel 
engines besides conventional diesel are other interesting topics for the advanced study. It 
can be concluded that the fuel properties of palm biodiesel have influenced most of the 
combustion parameters in the diesel engine.  
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